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Abstract Marion Island, situated »2,300 km south-
east of Cape Town, South Africa, has experienced
multiple volcanic and glaciation events during its his-
tory. To better understand the impact of these events
on species’ genetic structure, we determined the phy-
logeographic population structure of the mite,
Eupodes minutus. We included 57 individuals sam-
pled from 11 localities across the island. Our analyses
based on the mitochondrial COI gene suggest a popu-
lation expansion as would typically be expected when
species recover after being conWned to refugia. Stan-
dard phi () statistics and a spatial analysis of molec-
ular variance (SAMOVA) identiWed unique
populations on the south-western and south-eastern
sides of the island. We argue that multiple volcanic
events on the southern side of Marion, in combina-
tion with glaciations, eVectively isolated these popu-
lations from each other.
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Introduction
Marion Island (PEI; 46°54S, 37°45E), together with
Prince Edward Island (PEI; 46°38S, 37°57E), forms
part of the Prince Edward Island archipelago (PEI)
situated in the Southern Ocean. Marion Island is gen-
erally believed to be between 500,000 and 1 million
years old (Smith 1987; Hänel and Chown 1998;
McDougall 1971; McDougall et al. 2001). During this
time, several glacial cycles (»5) and volcanic events
(»8) have characterized the island’s history (McDou-
gall et al. 2001) and it can safely be assumed that these
events have contributed signiWcantly to shaping the
current spatial distribution of genetic variation for
indigenous fauna and Xora. SpeciWcally, glaciation
events would have conWned fauna and Xora to isolated
refugia. Volcanism causes the extinction of popula-
tions directly in the path of lava Xows; in addition,
these lava Xows also present long term extrinsic barri-
ers to gene Xow.
Mite and Collembola species dominate the terres-
trial fauna in the South Polar Region (Wallwork 1973).
These invertebrates play an essential role in nutrient
recycling on sub-Antarctic islands since they are the
only herbivores and detrivores present (Burger 1985;
Tréhen et al. 1985; Chown et al. 2002). Sixty mite spe-
cies have been recorded on PEI (Marshall et al. 1999).
The fungivorous prostigmatid mite, Eupodes minutus
(Strandtmann 1967) is the most abundant species on
Marion Island and is found most commonly in the
cushion plant Azorella selago (Barendse et al. 2002).
Hugo (2006) reports that even though E. minutus is
found across the island, it is most abundant on the
calmer eastern side, has no altitude preference, and
prefers warmer and drier conditions.
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the fauna and Xora that inhabit Southern Ocean
islands. Only a few phylogeographic studies have been
conducted on Antarctica (see for example Frati et al.
2001; Fanciulli et al. 2001; Hogg and Stevens 2002; Ste-
vens and Hogg 2003) and New Zealand (Garrick 2002;
Garrick et al. 2004) focusing primarily on springtails
(Collembola). However, similar studies are lacking for
other sub-Antarctic Islands. To extend our limited
knowledge, we present our preliminary Wndings detail-
ing the phylogeographic population structure of
E. minutus across Marion Island based on analyzed
data for the mitochondrial cytochrome oxidase subunit
I (mtCOI) gene (for usefulness of this gene see Frati
et al. 2000; Garrick 2002; Garrick et al. 2004; Hogg and
Stevens 2002; Salomone et al. 1996; Stevens and Hogg
2003). This represents, to our knowledge, the Wrst doc-
umentation of intra-speciWc genetic variation for inver-
tebrates on Marion Island and one of only a few studies
pertaining to Southern Ocean Islands. This study forms
part of a larger project aiming to document the spatial
distribution of both genetic and ecological variation for
a large group of species from Marion Island; data that
will allow us to search for congruent patterns and pro-
cesses underlying the evolutionary history of inverte-
brates on this Southern Ocean Island.
Materials and methods
Sample collection
We collected 57 E. minutus specimens from 11 locali-
ties across Marion Island during the 2005 relief voyage
(Fig. 1). Mites were sampled primarily from the cush-
ion plant, A. selago. Specimens were preserved in abso-
lute ethanol by means of Tullgren extractions
(Southwood 1978). Due to their small size, E. minutus
was identiWed using light microscopy (50£ magniWca-
tion) prior to preservation in absolute ethanol.
DNA extraction
Individual mites were pipetted into separate 1.5 ml
microcentrifuge tubes and incubated for 30 min at
50°C to evaporate the excess ethanol. Prior to DNA
extraction, the mites were softened by two freeze/thaw
cycles at (minus) ¡70 and 50°C respectively (Rainer
Söller, personal communication). Total genomic DNA
was then extracted from individual mites using the
QIAamp DNA micro kit (QIAGEN, Hilden, Ger-
many) according to the manufacturer’s recommenda-
tions.
PCR and sequencing
COI sequences were ampliWed from Wve to ten pooled
E. minutus individuals using primers described by Fol-
mer et al. (1994). These sequences were used as a tem-
plate to design species-speciWc primers with PerlPrimer
v1.1.5 (Marshall 2003). A nested PCR had to be per-
formed due to the small quantity of DNA extracted
from each individual. The Wrst primer set ampliWed a
»500 bp stretch followed by the two nested PCRs with
two overlapping fragments within this stretch. The
total fragment, comprised of the two overlapping
nested fragments, was 413 bp in length. In the initial
PCR, the species-speciWc forward primer EMCOIF1
(5-GAAATCCAGAAATAATAGGTC-3) was used
in combination with the reverse primer (HCO 2198,
Fig. 1 A map indicating the 
sampling localities of E. minu-
tus across Marion Island 
(adapted from Gremmen and 
Smith 2004). The number of 
specimens included per local-
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pairs consisted of EMCOIF3 (5-CTATAATGTATT
AGTAACAAGAC-3) and EMCOIR2 (5-TGAAG
TGAGAAAATGGT-3), and EMCOIF4 (5-CAGG
GTGAACAGTATATC-3) and EMCOIR3 (5-TGT
GTTGTAATTTCGATCT-3).
All the PCR reactions were performed using 10 ng
of DNA under the following cycling parameters: 94°C
for 1 min, (94°C for 30 s, 50°C for 30 s and 72°C for
45 s) for 35 cycles with a Wnal extension step at 72°C for
5 min. PCR products were gel puriWed with the Wizard
SV Gel and PCR clean-up system (Promega, Madison,
USA) according to the manufacturer’s recommenda-
tions. Nucleotide sequencing was carried out using the
forward primers (i.e. EMCOIF3 and EMCOIF4) with
half-reactions of BigDye® Terminator 3.1 mix
(Applied Biosystems, Warrington, UK). PuriWed
sequencing products were run on an ABI 3100 auto-
mated sequencer (Applied Biosystems, Warrington,
UK). Electropherograms of the raw data were edited
with BioEdit v7.0.5 (Hall 2005). All E. minutus
sequences were deposited in GenBank (accession
numbers DQ675083-DQ675139).
Sequence analysis
Sequences were aligned with Clustal X (Thompson
et al. 1997) using the multiple alignment mode with
default parameters. PAUP* (SwoVord 2000) was used
to assess the nucleotide composition and the number of
parsimony-informative sites. Sequence divergences
were determined in MEGA 3.1 (Kumar et al. 2000).
Haplotypes were identiWed using Collapse 1.2 (Posada
2004). To depict the evolutionary relationships (num-
ber of mutational steps) among the haplotypes, we
constructed a minimum-spanning network using NET-
WORK 4.1.1.2 (Polzin and Daneshmand 2004).
A demographic method was implemented to investi-
gate the spatial distribution of mitochondrial variation
(SAMOVA, Dupanloup et al. 2002). SAMOVA pro-
vides a way to identify spatially diVerentiated groups
allowing for the identiWcation of (possible) barriers to
gene Xow. A hierarchical analysis of molecular vari-
ance (AMOVA as implemented in Arlequin 2, Schnei-
der et al. 2000) was used to estimate traditional phi ()
statistics reporting the degree of variation between
populations as well as between individuals within
these. In both instances, tests of signiWcance for depar-
ture from the null distribution were performed using
permutational procedures (1,000 randomisations) in
Arlequin 2.
To investigate whether haplotype frequencies devi-
ated from equilibrium, Fu’s (1997) F-statistic was
calculated using Arlequin 2. To further investigate if
the deviation from equilibrium might be due to past
demographic changes, we plotted the number of muta-
tional changes separating haplotypes against their
respective frequencies (Rogers and Harpending 1992).
A 2 goodness-of-Wt test was used to compare observed
and expected distributions. The raggedness statistic
(rg) (Harpending et al. 1993, Harpending 1994), an
indication of the smoothness of the mismatch distribu-
tion (population growth = lower rg vales), was calcu-
lated in Arlequin 2. We also employed coalescence-
based methodology to calculate exponential growth
rates (g-values in Fluctuate 1.30, Kuhner et al. 1998)
for E. minutus.
Results and discussion
A total of 413 bp (137 amino acids) were obtained for
the COI gene. Of these, 22 sites were polymorphic and
14 parsimony informative among the 57 individual
mites that were sequenced. Twenty-four haplotypes
characterized the 57 mite specimens. The most com-
mon haplotype (EM2) represented 33% of all our
specimens (Fig. 2; Table 1). The sequences had an
average AT-content of 69.3%, increasing to 87.2%
when only 3rd codon positions were considered. Eight
of the substitutions resulted in amino acid changes
(data available on request). The mean transition: trans-
version ratio was 1.8: 1. The highest uncorrected
sequence divergence separating specimens was 2.2%
between mites sampled at the localities of Swartkops
and Kildalkey Bay (Fig. 1).
The minimum-spanning network (Fig. 2) displayed a
star-like pattern; this type of pattern is strongly sugges-
tive of a recent population expansion (e.g. Avise 1994;
Conroy and Cook 2000; Jolly et al. 2005). The most
common haplotype (EM2) formed the core, connecting
multiple haplotypes separated by one or three muta-
tional steps. Fu’s F-statistic (¡25.72938, P < 0.001) was
highly signiWcant indicating a deviation from equilib-
rium. An analysis of mismatch distributions conWrmed
the observed change in population demography. When
combining all sampled populations into a single unit
(sample sizes for single populations were not suYcient
to allow for meaningful statistical analyses), the null
model of sudden population expansion could not be
rejected (P = 0.2). Similarly, the raggedness statistic
(rg = 0.05, P = 0.12) supported a population expansion.
Hence, all analyses are consistent with a sudden expan-
sion event. Importantly, the current g-value was
strongly positive (g = +1357.3). This would indicate that
some, if not all of the population(s) of E. minutus on123
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climate changes. As mentioned earlier, this mite species
favours warm and dry conditions (Hugo 2006). We
argue that the increase in temperature (1.2°C) and the
concomitant decrease in moisture (600 mm) observed
on Marion Island over the past »30 years (Smith 2002,
Smith and Gremmen 2004) favours this species and
may, at least in part, account for its population growth.
The spatial distribution of genetic variation across
populations is shaped by many factors both historical
as well as contemporary. SpeciWcally relating to Mar-
ion Island, it is well established that several glacial and
volcanic episodes have occurred during the history of
the island (McDougall et al. 2001). More recently,
environmental conditions inXuence gene Xow among
populations, which impacts directly on the level of
diVerentiation among populations. Perhaps surprising
given the demographic history of this Southern Ocean
Island, AMOVA indicated that almost all of the varia-
tion was within populations (99%) rather than between
populations (1%) (ST = 0.00890, P = 0.36) as would
be typical of a large, panmictic population with high
levels of gene Xow. Important to note though that our
sample sizes for most of the populations was small
(<5 mites per locality) which greatly reduces statistical
power.
When regarding sampling localities as populations,
population pair-wise ST analyses indicated that the
localities of La Grange Kop (western side of Marion
Island) and Kildalkey Bay (eastern side of Marion
Island) were signiWcantly diVerentiated from each
other (ST = 0.07053, P = 0.04). SigniWcant diVerences
among certain populations were indeed conWrmed by a
SAMOVA. CT was maximized at Wve groups
(CT = 0.108, P < 0.001), which mainly corresponded to
localities on the eastern (Ships Cove and Archway
Bay), south-eastern (Kildalkey Bay), south-western
(Swartkops) and northern (Cape Davis) side with the
rest of the localities (mainly southern, western and
north-eastern side of the island) grouping together.
When the number of groups was increased (>5 groups),
Swartkops consistently grouped separately; it never
grouped with the nearby localities of Kaalkoppie and
Fig. 2 The minimum-spanning network, depicting the number of
mutational steps separating the 24 haplotypes detected for 57 E.
minutus specimens, was constructed using NETWORK 4.1.1.2.
The most common haplotype (EM2) is indicated. Missing haplo-
types are shown in grey. Lines separating haplotypes represent
one mutational change unless otherwise indicated. See Table 1
for haplotype distribution







Cape Davis (n = 7) 0.810 § 0.130 0.005 § 0.004 EM2, EM4, EM11, EM13, 
EM17, EM22
Goney plain (n = 3) 1.000 § 0.272 0.005 § 0.005 EM2, EM6, EM21
Ships Cove (n = 5) 0.900 § 0.161 0.005 § 0.004 EM2, EM3, EM15, EM24
Base (n = 5) 0.800 § 0.164 0.004 § 0.003 EM2, EM6, EM14
Archway Bay (n = 2) 1.000 § 0.500 0.007 § 0.008 EM2, EM23
Kildalkey Bay (n = 9) 0.889 § 0.091 0.006 § 0.004 EM1, EM2, EM7, EM9, 
EM10, EM16
Water tunnel (n = 4) 0.833 § 0.222 0.005 § 0.004 EM2, EM9, EM12
Grey headed (n = 5) 0.900 § 0.161 0.003 § 0.003 EM2, EM7, EM15, EM17
La Grange Kop (n = 3) 1.000 § 0.272 0.006 § 0.006 EM5, EM8
Swartkops (n = 10) 0.889 § 0.075 0.007 § 0.004 EM2, EM7, EM15, EM18, 
EM19, EM20 
Kaalkoppie (n = 4) 0.500 § 0.265 0.001 § 0.001 EM1, EM2123
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intuitive, the failure of this population to group with
geographically close populations may be explained
through an examination of the haplotype distribution.
Three of the ten specimens included from Swartkops
had unique haplotypes (haplotype diversity = 0.889 §
0.075) with only a single haplotype shared with the
nearby populations at La Grange Kop and Kaalkoppie,
respectively (see Table 1). Additionally, the relatively
low sample sizes for Kaalkoppie (n = 4) and La Grange
Kop (n = 3) may not adequately have captured the
genetic variation present in these populations (a simi-
lar scenario could explain the clustering of populations
on the eastern side of the island where the population
sampled at Base do no group with the localities of
Ship’s Cove to the north and Archway Bay to the
south). Notwithstanding the relatively high intra-popu-
lation nucleotide diversities (inter-population values)
and small sample sizes, it would appear from our pre-
liminary data that unique populations are present on
the south-western (vicinity of La Grange Kop and
Swartkops) and south-eastern side (Kildalkey Bay) of
the island.
Climatic and environmental conditions vary exten-
sively across Marion Island. The western side of the
island typically experiences cold winds of high speed
that blow from the Antarctic over the island (Smith
1987). Young as well as older lava, interspersed with
sparse fellWeld vegetation, covers large areas of the
western side of the island resulting in a very inhospita-
ble environment compared to the eastern side which is
characterized mainly by older grey lava covered by
vegetation (van Zinderen Bakker et al. 1971; Smith
and Gremmen 2004). The signiWcant inXuence that
these diVerences have on the fauna and Xora across the
island has recently been demonstrated (Melodie
McGeoch, personal communication). This may simi-
larly hold for the localities of La Grange Kop (together
with Swartkops situated on the south-western side of
Marion Island) and Kildalkey Bay (situated on the
south-eastern side of Marion Island). SpeciWcally,
extensive glaciation has been documented from Trieg-
aardt Bay in the north-west to Goodhope Bay in the
south, as well as at Crawford Bay in the south
(McDougall et al. 2001). A similar barrier to gene Xow
is evidenced by the Santa Rosa Valley in the south, an
area of extensive lava (both old and recent) with sparse
vegetation cover.
To conclude, we show that E. minutus has under-
gone a recent population expansion with subsequent
growth in population size. Notwithstanding that only
1% of the genetic variation is accounted for by varia-
tion among populations, we show that certain popula-
tions are indeed unique (Kildalkey Bay and La Grange
Kop); a situation that is probably a true reXection of
the inXuence of past biotic and abiotic factors on inver-
tebrate populations across Marion Island. However, to
fully understand and substantiate our preliminary Wnd-
ings, the population structure of more species with
more individuals per sampling site needs to be investi-
gated which will help increase the power of the statisti-
cal inferences.
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